Abstract. Vascular remodeling induced by long-term hyperglycaemia is the main pathological process in diabetic vascular complications. Thus, vascular remodeling may be a potential therapeutic target in diabetes mellitus (dM) with macrovascular disease. The present study aimed to investigate the effect of RING finger protein 10 (RNF10) on vascular remodeling under conditions of chronic hyperglycaemia stimulation. We found that overexpression of RNF10 clearly decreased intimal thickness and attenuated vascular remodeling in dM. Tunel staining showed that apoptosis was clearly inhibited, an effect that may be mediated by decreases in Bcl-2 protein expression. Quantitative analysis demonstrated that overexpression of RNF10 could suppress inflammation by reducing the levels of TNF-α, and MCP-1 mRNA and NF-κB protein. Meanwhile, overexpression of RNF10 prevented vascular smooth muscle cell (VSMc) hyperproliferation through the downregulation of cyclin d1 and cdK4 proteins. Notably, short hairpin RNF10 (shRNF10) greatly aggravated the pathological responses of diabetic vascular remodeling. These outcomes revealed that the differential expression of RNF10 had a completely opposite effect on vascular damage under hyperglycaemia, further displaying the core function of RNF10 in regulating vascular remodeling induced by diabetes. Consequently, RNF10 could be a novel target for the treatment of diabetic vascular complications.
Introduction
diabetes mellitus (dM) is a serious public health concern worldwide due to its gradually increasing prevalence (1) . diabetes is also an independent risk factor for many cardiovascular diseases, leading to the increased incidence of vascular remodeling among vascular diabetic complications. The pathogeneses of vascular remodeling induced by vascular smooth muscle cell (VSMc) dysfunction involve excessive inflammation and overactivation of proliferation, accompanied by increased amounts of extracellular matrix secretion, ultimately contributing to the thickening of arterial walls (2) (3) (4) (5) . although vascular remodeling in diabetes is known to be associated with the combination of these abnormal pathological processes, the specific mechanism is still unknown.
The ubiquitin-proteasome system (uPS), the major mechanism by which proteins are degraded in cells, can degrade 80-90% of ubiquitinated proteins related to almost all biological activities in the organism, such as apoptosis, inflammation and cell cycle progression (6, 7) . The uPS has been considered a potential drug target in diabetes and other cardiovascular diseases (8, 9) . in the entire uPS, the e3 ubiquitin ligase is the most critical, as it identifies and promotes the degradation of substrate proteins by determining the time and specificity of ubiquitination (7, 10) . Thus, targeting a proper e3 ubiquitin ligase that participates in the regulation of crucial proteins in vascular remodeling could represent a new strategy for the treatment of diabetic vascular complications.
Ring finger protein 10 (RNF10), located on the long arm of chromosome 12, is a member of the RING finger family of e3 ubiquitin ligases, with the function of recruiting ubiquitin ligase e2 and substrate proteins (11, 12) . a clinical study demonstrated that RNF10 mRNA expression is significantly enhanced in obese patients and greatly increases the risk of diabetes (13) . In our previous study, overexpression of RNF10 was shown to significantly prevent neointimal formation by promoting apoptosis reactions and inhibiting Bcl-2 protein activation in metabolic syndrome (14) . The aim of the present study was to investigate the effect of RNF10 on vascular remodeling and the main pathological processes in diabetic rats after balloon injury, including inflammation, proliferation and apoptosis responses.
Materials and methods
Animal models. all animal experiments were approved by the ethics committee of chongqing Medical university (chongqing, china) and were performed according to the arriVe guidelines and the uK animals (Science Procedures) act, 1986 (https://assets.publishing.service. gov.uk/government/uploads/system/uploads/attachment_data/ file/116843/aspa-draft-guidance.pdf), and its associated guidelines. all experimental male Sprague-dawley rats (4 weeks of age) were purchased from the experimental animal centre of chongqing Medical university (chongqing, china). after one week of acclimation, the rats were randomly divided into control (n=12) and DM (n=60) groups. For a total of 12 weeks, the control group was fed a standard diet that included 13% fat, 61% carbohydrates, and 26% protein, while the dM group was fed a high-fat diet with 60% fat, 21% carbohydrates, and 19% protein. The animal experiment was performed in a temperature-controlled room maintained at 22±2˚C and a 12 h light/dark cycle was maintained. Groups of 5 rats were housed in cages with free access to food and water.
The diabetic model was induced by feeding rats a high-fat diet resulting in hyperglycaemia and insulin resistance. all Sd rats were fasted overnight (16-18 h) after receiving a standard diet or a high-fat diet for 12 weeks. Then, blood samples were collected from the retro-orbital plexus into a capillary tube to measure the diabetic indices. Plasma was frozen and stored at -80˚C after being separated by centrifugation at 1,000 x g for 30 min at -4˚C. Fasting blood glucose was quantified using a portable blood glucose meter (Sinocare inc., changsha, Hunan, china). an intraperitoneal glucose tolerance test (iPGTT) was used to detect insulin resistance and impaired glucose tolerance.
Carotid artery balloon injury (BI) and adenovirus (Ad)
infection. Within the DM group on a high-fat (HF) diet, all rats were classified into 5 groups based on whether the balloon injury operation and adenovirus infection occurred. eventually, all the Sd rats were divided into the following 6 groups: i) the control group, ii) the dM+Sham group, iii) the dM+Bi group, iv) the DM+BI+Ad-GFP group, v) the DM+BI+Ad-RNF10 group, and vi) the DM+BI+Ad-shRNF10 group.
Balloon injury was performed and measured as described previously (15) ; the balloon catheter (Medtronic inc., Minneapolis, Mn, uSa) was introduced from the left external carotid artery into the thoracic aorta. The left common carotid artery was damaged by repeatedly pushing and pulling the inflated balloon three times. after washing the damaged artery with phosphate-buffered saline (PBS), 50 µl of adenovirus encoding RNF10, shRNF10 or GFP (2x10 10 pfu/ml, obio Technology corp. ltd., Shanghai, china) was injected into the injured artery to incubate for 30 min. after 14 days, the rats were sacrificed by high-dose injection of sodium pentobarbital (≥90 mg/kg), and the carotid arteries were harvested.
Histological and morphometric analysis. To examine the establishment of the vascular remodeling model, the obtained carotid tissue sections were stained using haematoxylin and eosin (H&e) as previously described (16) . The carotid arteries of the rats were fixed in 4% paraformaldehyde for 24 h and then embedded in paraffin. Next, the sections were prepared for haematoxylin staining at room temperature for 15 min and eosin staining at room temperature for 5 min. Finally, the sections were stained with picrosirius red for 30 min at room temperature. Photomicrographs (x100 magnification) were captured with a routine light microscope (cat. no. 4.10.00, nikon co., ltd., Tokyo, Japan).
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay.
To determine the proportion of apoptotic carotid artery cells in the diabetic rats, a Tunel assay was performed using an In Situ cell death detection Kit-POD (Roche, Basel, Switzerland). First, carotid tissue sections were sequentially incubated with proteinase K for 30 min. Then, these sections were incubated with membrane disruption solution (Service Bio inc., Woburn, Ma, uSa) for 20 min at room temperature, followed by incubation with a mixture of reagent 1 (TdT) and reagent 2 (duTP) from the Tunel kit for 2 h. next, the sections were incubated with reagent 3 (converter-Pod) for 30 min after incubation with hydrogen peroxide and ethanol for 15 min. Finally, the sections were mounted and observed under a routine light microscope (at magnification, x400, cat. no. 4.10.00, nikon co., ltd., Tokyo, Japan) after 3,3'-diaminobenzidine (daB) (dako; agilent Technologies, inc., Santa clara, ca, uSa) was added. The cells with brown and yellow nuclei were Tunel-positive cells (17) . The apoptosis index = number of apoptosis-positive cells x total number of intimal cells.
Quantitative polymerase chain reaction (qPCR).
Total rna was isolated from the carotid arteries of rats with Trizol reagent (Takara Bio inc., Kusatsu, Japan), and up to 1 µg of total rna was reverse transcribed into cdna following the manufacturer's instructions (Takara Bio inc.). The reaction protocol was: Polymerase activation for 10 min at 95˚C and then 40 amplification cycles of 60 sec at 60˚C. The cycle threshold values were normalized to the level of β-actin, and the relative gene expression was measured by the 2 -ΔΔcq method (18) . The primers included those for β-actin (5'-ccc aTc TaT GaG GGT Tac Gc-3' and 5'-TTT aaT GTc ACG CAC GAT TTC-3'), RNF10 (5'-ATT TTA GCA ACC AGT ccc GTc G-3' and 5'-ccT caT ccc GTc TTc cac caT-3'), TNF-α (5'-cTa cTG aac TTc GGG GTG aTc-3' and 5'-GGT cTG GGc caT aGa acT Ga-3') and McP-1 (5'-GcT Gac ccc aaG aaG Gaa TG-3' and 5'-GTG cTT GaG GTG GTT GTG Ga-3').
Western blot analysis. The common carotid total protein was extracted using 10 µl/µg riPa lysis buffer (Beyotime institute of Biotechnology, Shanghai, China) and quantified via a BCA Protein assay Kit (Beyotime institute of Biotechnology). Protein (40 µg) was separated on 10-12% SdS-polyacrylamide gels (Beyotime institute of Biotechnology) and transferred to PVDF membranes. The membranes were blocked in 5% non-fat dry milk for approximately 2 h and incubated overnight at 4˚C with primary antibodies, including antibodies for Bcl-2 (1:2,000; cat. no. 12789; ProteinTech, Wuhan, Hubei, China), Bax (1:2,000; cat. no. 50599; ProteinTech), NF-κB (1:1,000; cat. no. 14220; ProteinTech), cyclin d1 (1:1,000; cat. no. 60186; ProteinTech), cdK4 (1:1,000; cat. no. 11026; ProteinTech), RNF10 (1:500; cat. no. abs127972; Absin Bioscience Inc., Shanghai, China) and β-actin (1:5,000; cat. no. 20536; ProteinTech). enhanced chemiluminescence development methods (advansta inc., Menlo Park, ca, uSa) were used to visualize the immunoblotting bands (19) . The bands were analyzed with imagelab 3.0 software (Bio-rad laboratories, inc., Hercules, ca, uSa).
Statistical analysis. all the data are expressed as the means ± standard deviation (Sd), and statistical analysis was performed using SPSS 19.0 (iBM corp., armonk, nY, uSa). one-way anoVa and lSd was used to analyse the differences among groups; P<0.05 was considered to indicate statistical significance.
Results
Differentially expressed RNF10 affects the neointimal apoptosis index in diabetic rats. To evaluate whether vascular remodeling was induced by balloon injury, H&e staining was performed to detect neointimal formation. in general, we observed that the balloon-injured arteries had clearly increased intimal thickness compared with that of the dM+Sham group arteries. compared with that in the Ad-GFP-treated group, the intimal thickness in the Ad-RNF10 group was markedly reduced. However, the intimal thickness was clearly increased in the Ad-shRNF10-treated group (Fig. 1a) .
To assess whether the balloon-injured arteries were successfully transduced with the corresponding RNF10 gene, western blotting was performed to detect RNF10 protein expression. compared with that of the arteries in the dM+Sham group, the RNF10 protein expression of the balloon-injured arteries was significantly decreased (P<0.001). Among the rats with balloon-injured arteries that were infected with different adenoviruses, RNF10 protein expression was significantly increased in the group receiving Ad-RNF10 (P<0.05) and was markedly decreased in the Ad-shRNF10 group (P<0.001) (Fig. 1c and d) .
To examine whether RNF10 affected the apoptotic response in the model of diabetic vascular remodeling, we used Tunel staining to determine the proportion of cells that were apoptotic in the neointima of the carotid artery. Very few apoptosis-positive cells were observed in the control group and the dM+Sham group, but the apoptotic index was significantly higher in the balloon-injured groups than in the dM+Sham groups (24.34±5.15 vs. 10.10±5.22%, P<0.001). Compared with that in the Ad-GFP group, the proportion of apoptotic cells was significantly increased in the Ad-RNF10 group (32.52±3.77 vs. 24.18±5.56%, P<0.05), but the apoptosis index was clearly decreased in the group infected with Ad-shRNF10 (14.59±4.29 vs. 24.18±5.56%, P<0.01) (Fig. 1a and B) . 
Overexpression of RNF10 attenuates apoptosis by decreasing the expression of marker protein Bcl-2.
To verify the expression of apoptotic proteins in carotid vessels, western blotting was performed to detect the levels of the Bax and Bcl-2 proteins. Bax protein expression was significantly increased in the dM+Bi group compared to the dM+Sham group (P<0.05), but there were no significant differences due to infection with Ad-GFP, Ad-RNF10 or Ad-shRNF10 (P>0.05) (Fig. 2a and B) . compared with that in the arteries of the Ad-GFP-transduced rats, the Bcl-2 protein expression in the arteries of the group receiving Ad-RNF10 group was significantly reduced (P<0.05), while the expression was not significantly changed in the group infected with Ad-shRNF10. In addition, the ratio of Bcl-2 to Bax was significantly decreased in the Ad-RNF10 group (P<0.05) and showed a trend towards a slight increase in the group infected with Ad-shRNF10, but there was no significant difference (P>0.05) (Fig. 2a, c and d) .
Overexpression of RNF10 suppresses VSMC inflammation levels by inhibiting the marker protein NF-κB in diabetic rats.
To determine whether the RNF10 gene was successfully transduced into carotid arteries after balloon injury, qPcr was used to detect RNF10 mRNA expression. Initially, the transcription level of RNF10 in the DM +Sham group was higher than that in the control group (P<0.001). after balloon injury, this elevation in RNF10 mRNA was clearly reversed (P<0.001). Compared with that in the Ad-GFP group, the expression of RNF10 mRNA in the group receiving Ad-RNF10 was significantly enhanced (P<0.05), and the expression in the group receiving Ad-shRNF10 was markedly reduced (P<0.001) (Fig. 3a) .
To detect whether the RNF10 gene was involved in the inflammatory response of vascular remodeling in diabetic rats, we evaluated the mRNA levels of the inflammatory indicators MCP-1 and TNF-α, and analysed the expression of the inflammatory marker protein NF-κB. compared with those in the control group, the levels of MCP-1 and TNF-α mrna in the dM+Sham group were markedly increased (P<0.05). in addition, the expression of these inflammatory indicators in the dM+Bi group was higher than that in the dM+Sham group (P<0.05). Importantly, the MCP-1 and TNF-α transcription levels were decreased in the group receiving Ad-RNF10 compared with the group receiving Ad-GFP (P<0.001). Concerning the inflammatory marker protein NF-κB, NF-κB levels were significantly higher in groups with balloon injury than in the DM+Sham group (P<0.05). Furthermore, balloon injured arteries infected with Ad-RNF10 displayed a significant reduction in NF-κB protein compared with carotid arteries infected with Ad-GFP (P<0.05). However, the mRNA expression of the inflammatory indicators MCP-1 and TNF-α mRNA, and the protein expression of NF-κB were not significantly changed by Ad-shRNF10 infection (P>0.05) (Fig. 3B-d) .
Differentially expressed RNF10 regulates vascular hyperproliferation in diabetic rats.
To assess whether RNF10 regulated the hyperproliferation of VSMcs in diabetic rats after balloon injury, we detected the protein levels of cyclin d1 and cdK4 in the carotid tissue. after balloon injury in dM rats, the protein levels of cyclin d1 and cdK4 were markedly higher than those in the dM+Sham group (P<0.05). in comparison to the Ad-GFP group, the Ad-RNF10 group showed significantly inhibited cyclin d1 protein expression (P<0.05). While shRNF10 slightly promoted cyclin D1 expression, there was no significant difference between the Ad-RNF10-treated group and the Ad-GFP-treated group (P>0.05). In addition, CDK4 protein expression was significantly decreased in the Ad-RNF10 group and significantly increased in the Ad-shRNF10 group compared with the Ad-GFP group (P<0.05) (Fig. 4a-c) .
Discussion
in the present study, we found that overexpression of rinG finger protein 10 (RNF10) promoted an apoptotic reaction, inhibited the inflammatory response and repressed vascular smooth muscle cell (VSMc) hyperproliferation in carotid arteries, all of which showed that RNF10 exerts a protective influence in diabetic vascular remodeling. In addition, shRNF10 had an opposite impact on hyperproliferation and apoptosis, further destroying arterial function and structure in diabetes. Taken together, the results of this study demonstrated that changes in RNF10 expression affected vascular remodeling, indicating that the RNF10 gene plays a central role in diabetic rats with vascular complications (Fig. 5) .
a series of studies have revealed the relationship between the ubiquitin-proteasome system (uPS) and vascular remodeling, demonstrating that ubiquitin protease can inhibit vascular intimal proliferation in a dose-dependent manner, attenuate VSMC inflammation and promote apoptosis by decreasing the activity of the NF-κB signalling pathway (9, 20) . RNF10, an e3 ubiquitin ligase, is widely expressed in mammalian tissues and actively participates in the uPS. Previous studies have shown that RNF10 not only affects the signal transduction of insulin, but also regulates nearly all physiological functions, including apoptosis and the cell cycle (11, 21) . consistent with the results described above, our present study found that the level of RNF10 mRNA was elevated in the DM group, but this phenomenon was reversed following the balloon injury of carotid arteries. This finding indicated that RNF10 may be inhibited after balloon injury and may function in diabetic vascular remodeling. overall, this study further investigated the comprehensive effects of RNF10 on vascular remodeling in a diabetic model, including the role of RNF10 in anti-inflammation, anti-proliferation and pro-apoptosis reactions.
Many clinical trials have demonstrated that chronic hyperglycaemia is a pathological condition that accelerates the development of multiple cardiovascular diseases and is clearly correlated with microvascular and macrovascular complications in diabetes (22) . in diabetic patients, hyperglycaemia-induced activation of the NF-κB signalling pathway causes the overproduction of a large number of cytokines, which is a crucial aspect of the process of diabetic vascular remodeling. These activated cytokines, such as TNF-α and McP-1, trigger the aggregation and infiltration of inflammatory cells, affecting the permeability and structure of blood vessels, and contributing to the development of diabetic vascular disease (23) (24) (25) (26) . our study confirmed that overexpression of RNF10 might inhibit the mRNA expression of the inflammatory markers TNF-α and MCP-1 via the NF-κB signalling pathway. However, shRNF10 could not change the levels of these inflammatory indicators, probably due to compensatory mechanisms in the organisms. Therefore, RNF10 might be a crucial target to regulate inflammation reactions in diabetic vascular remodeling.
VSMc hyperproliferation is also an important part of the vascular remodeling process and is affected by the cell cycle regulatory proteins cyclin d1 and cdK4. The regulation of the cell cycle depends on complexes of cyclin and cdK, which are core materials driving the smooth progression of the cell cycle (27, 28) . A previous study demonstrated that RNF10 could cause a 1.95-fold activation of the P21 promoter. P21, an important cell cycle regulatory protein, effectively inhibits prb phosphorylation mediated by the cyclin d1-cdK4 complex, thereby slowing the cell cycle transition from the G1 phase to the S phase (21, 29) . Based on these findings, we suggest that the inhibition of VSMc hyperproliferation may be ascribed to the modulation of P21 expression and the cyclin d1-cdK4 complex. Furthermore, shRNF10 also significantly aggravated hyperproliferation by increasing cdK4 protein levels. However, as a result of insufficient sample size, the levels of cyclin D1 were not significantly altered. Therefore, RNF10 might be a central factor that regulates VSMc hyperproliferation in diabetes.
Furthermore, the apoptosis reaction is also involved in diabetic rats with microvascular and macrovascular complications. The inhibition of apoptosis in VSMcs exposed to high glucose determines the proliferation level in vascular remodeling and is also regulated by the anti-apoptosis gene Bcl-2 and the pro-apoptosis gene Bax (5). Both Bcl-2 and Bax are crucial members of the Bcl-2 family that widely regulate apoptosis, and their ratio always reflects the apoptosis level in cells (30) . in our previous study, we observed that RNF10 promoted VSMC apoptosis and downregulated the anti-apoptotic Bcl-2 protein to prevent neointimal hyperplasia in metabolic syndrome (14) . although the Bcl-2/Bax protein ratio was slightly increased without a significant difference, the increase may have resulted from insufficient sample size. In this study, overexpression of RNF10 was found to promote apoptosis to prevent vascular remodeling by decreasing the Bcl-2/Bax ratio, and shRNF10 was also found to inhibit the apoptosis response to aggravate neointimal formation in diabetic rats. Therefore, RNF10 may be considered a key factor in regulating apoptosis in vascular remodeling in diabetic rats.
In summary, RNF10 may be the central target for the regulation of diabetic vascular remodeling due to its pro-apoptosis, anti-inflammation and anti-hyperproliferation activity (Fig. 5) . However, the specific mechanism of the signalling pathway remains unclear and will be investigated in future studies.
